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organometallic compounds [4, 5] have allowed greater control of the synthesis and the possibility of designing new bimagnetic NPs suitable for the development of permanent magnets [6] , data storage applications [7] , spin-valve sensors [8] and biomedical uses [9] [10] [11] .
Since nanostructured systems are very sensitive to surface and interface phenomena and the magnetic coupling mechanism at the interface is not fully understood [12, 13] , several experimental works have been focused on the relationship between the crystalline structure, the morphology and the physical properties [5, 9, 14, 15] . In many cases, core/shell NPs have been fabricated by a controlled oxidation of single-phase NPs [16] [17] [18] but seed-mediated multi-steps methods have also been used [19, 20] leading to greater versatility in the combination of different materials. Some experimental studies on materials involving magnetic phases with different crystalline structures and morphologies have been performed on core/shell [17, 21] , singly inverted core/shell [16] , doubly inverted core/shell [22] , cubic core/shell [15] or self-assembled [23] particles. The comprehension of the mechanisms that govern the magnetic behavior of these nanostructures is crucial for the development of engineered materials for innovative applications. Inverted core/shell bimagnetic systems are particularly interesting since they permit a greater control of the structural properties of its AFM core (and thus of the overall magnetic properties) that, in general, is not easily attained in conventional structures [24, 25] . In particular, inverted core/shell CoO/CoFe 2 O 4 particles formed by two highly anisotropic magnetic materials (antiferromagnetic -AFM-CoO and ferrimagnetic -FiM-CoFe 2 O 4 ) have been reported as good candidates for increasing the magnetic hardness [19, 26] . Since the origin of such coercivity increase is associated with the exchange interaction at the interface [26, 27] , the effectiveness of the magnetic coupling should be strongly related to the crystalline structure of the material and therefore to the synthesis process.
In this work we have fabricated bimagnetic CoO/CoFe 2 O 4 nanoparticles by a seed-mediated synthesis method with the aim of investigating the influence of thermal annealing on the interface magnetic coupling that rules the magnetic properties of the system. We show how the magnetic behavior is strongly influenced by the chemical composition and crystalline structure of the system.
Experimental
CoO/CoFe 2 O 4 core/shell nanoparticles were synthesized by means of the high-temperature decomposition of metal acetylacetonates assisted by oleic acid and oleylamine as surfactants.
The procedure consists on the mixture of 4 mmol of Co(acac) 2 , 8 mmol of oleic acid, 8 mmol of oleylamine, 0.02 mmol of 1-2 octanediol and 116 mmol of 1-octadecene. Subsequently, the mixture was magnetically stirred and heated up to 200 °C for 10 minutes, then, it was heated up again to the reflux temperature (315 °C) with a controlled heating rate of 30 °C·min -1 and kept at that temperature for 120 minutes. Then, the mixture was cooled down to room temperature and a small portion of the obtained NPs was extracted for further analyses (sample C). In order to obtain core/shell NPs (sample CF), 0.8 mmol of Co(acac) 2 and 1.6 mmol of Fe(acac) 3 were added to the mixture according to the molar composition of the cobalt ferrite. In the same step, 0.02 mmol of 1-2 octanediol, 4 mmol of oleylamine, 4 mmol of oleic acid and 31 mmol of 1-octadecene were added and the preparation was heated up to 315 °C for another 120 min. In this second stage the heating rate was fixed at 30 °C·min -1 to promote the heterogeneous nucleation of the spinel phase on the seeds. Afterwards, the NPs were precipitated by centrifugation (14000 rpm/ 30 min) and washed several times with a mixture of ethanol and toluene 8:1. With the objective of evaluating the effects of the thermal annealing on the magnetic properties of the core/shell NPs, both C and CF samples were heated up to 300 °C with a heating rate of 2.5 °C·min -1 and kept at that temperature for 2 hours in air atmosphere (samples C-R and CF-R, respectively). The obtained powder was then mixed with an epoxy resin to prevent the mechanical movement of the nanoparticles during the magnetic characterization.
The crystalline structure was characterized by X-ray powder diffraction (XRD), using a PANalytical Empyrean diffractometer (CuKα radiation). The core/shell morphology and particle size distribution were assessed by means of a Philips CM200 UT transmission electron microscope (TEM) operating at 200 kV. The crystallinity and morphology of the samples were evaluated by high-resolution and dark-field TEM images. The magnetic behavior was analyzed using a superconducting quantum interference device (SQUID, Quantum Design) magnetometer in the temperature range of 5 K to 330 K and a LakeShore VSM with a ±10 kOe maximum applied field in the temperature range 250-320 K.
Magnetization versus temperature experiments were performed following the ZFC (zero field cooling) and FC (field cooling) procedures for both as-produced and annealed samples at applied fields of 100 Oe and 5 kOe. TRM (thermoremanent magnetization) measurements were performed by cooling the sample from 330 to 5 K under 100 Oe applied field and subsequently measuring the magnetization during heating at zero applied field. TEM micrographs corresponding to annealed core/shell NPs are shown in Fig. 2 . The particle size dispersion was evaluated by measuring hundreds of particles and it is reported in Fig. 2a .
Results
The obtained histogram was fitted with a lognormal function and a mean size of 8.7±1.9 nm was calculated. To analyze the core/shell structure, high resolution and dark field TEM images were measured and representative images are displayed in Fig. 2b-d shell morphology was confirmed by dark field images reconstructed by positioning a small objective aperture on the 111 CoFe 2 O 4 diffraction ring. A shell thickness of ~2 nm was estimated from numerous dark field and HRTEM images. Moreover, the images reveal that the particles are separated by residual amorphous carbon from the synthesis that would prevent the coalescence of NPs. Finally, it should be noticed that the core/shell nanoparticle size is larger than ~7 nm NPs obtained by the same method but employing a different solvent with a lower reflux temperature [19] . On the other hand, the magnetization of the annealed sample CF-R, presented in Fig. 3b , exhibits a different behavior. When the temperature increases the ZFC magnetization shows an abrupt rise around 290 K that can be related to the Néel temperature of CoO (T N_bulk~2 93 K) [29] . The temperature dependence of the FC magnetization curve presents a small anomaly at T N and when the temperature diminishes it shows a nearly flat behavior suggesting that the system is strongly interacting below T N . The remanent magnetization curve is displayed in . 3f ) evidences a sharp peak at T~290 K which implies that the blocking temperature of the annealed core/shell nanoparticles has been shifted to T N .
These results are consistent with the presence of intra-particle interactions that improve the thermal stability of the magnetization at temperatures below T N , i.e. when the magnetic coupling at the AFM/FiM interface is active. In addition, a small maximum at a lower temperature T~174K can be noticed, which could be associated to a small fraction of the CoFe 2 O 4 phase that is not effectively coupled to the AFM CoO.
In order to gain better insight of the magnetic coupling, hysteresis cycles were measured at temperatures around T N for CF and CF-R samples. The field dependence of the magnetization for the as-synthesized CF sample presents constricted loops at low fields that show essentially the same shape above and below T N (Fig. 4b) . In this case, the coercive field changes from 0.3 kOe to 0.6 kOe when the temperature decreases from 310 K to 250 K. On the contrary, the annealed sample presents a typical smooth hysteresis curve at 250 K with a coercive field (H C~2 .5 kOe) more than four times larger than the value measured for the assynthesized sample. However, above T N the M vs H curve of CF-R also presents a constricted loop shape (Fig. 4a) . These features are reflected in the temperature variation of coercivity presented in Fig. 5 . The coercivity of CF-R shows a step at the CoO Néel temperature but no significant changes are observed for CF. 
Discussion
The CoO, due to its high magnetocrystalline anisotropy, is a good candidate to increase the magnetic hardness of a ferrimagnetic nanostructure by the interface exchange-coupling.
However, the crystallinity and chemical stability of the AFM phase are essential and determine the effectiveness of the magnetic coupling at the interface. According to the structural and magnetic characterization, our findings suggest that the core of the as-produced CoO/CoFe 2 O 4 sample is poorly crystalline and a proper thermal treatment is required to improve its crystalline order. In fact, as evidenced by the XRD patterns in Fig. 1b CoO crystallinity, as a consequence of the same thermal annealing C-R reveals a partial oxidation to the Co 3 O 4 phase, which is paramagnetic at room temperature. Therefore, an inverted core/shell structure is a successful option to protect the antiferromagnetic phase against oxidation, to achieve a high crystallinity and to improve the effectiveness of the interface interactions.
The structural characterization can clarify some observed magnetic features for the asproduced sample. The low temperature magnetization rise observed in Fig. 3 for the as- Regarding the field dependence of the magnetization, both CF and CF-R NPs present at room temperature a shrinking of the hysteresis cycle at low fields. This feature is usually observed in inhomogeneous materials with two weakly coupled soft-hard magnetic phases [9, 34] . Since the loop shrinking, in our samples, is observed above T N , we ascribe the two phase behavior to inner and surface contributions of CoFe 2 O 4 magnetization. Due to the strong magnetocrystalline contribution, the inner part of the cobalt ferrite phase should have a magnetic anisotropy higher than the one of the outer part, which may be reduced because of surface disorder and the presence of the organic coating. Similar features were observed in single phase nanoparticles and thin films with different surface and bulk magnetic anisotropy contributions [35] [36] [37] .
The small H C and the smooth temperature dependence around T N displayed by the asproduced sample should be related to the absence of AFM/FiM exchange-interaction, possibly originated by the lack of AFM order of CoO or by the surface disorder promoted by its reduced size. After the annealing, the AFM/FiM coupling at the interface is more effective and, as a consequence, the effective magnetic anisotropy of the CoFe 2 O 4 is increased below T N due to the additional exchange anisotropy contribution [27] . Such hardening of the exchange-coupled material is noticeable because the CoO anisotropy constant K CoO~4 ·10 7 erg·cm -3 [38] is an order of magnitude higher than K CoFe2O4~4 ·10 6 erg·cm -3 [39] . The hardening of the exchange-coupled material is also clearly manifested by the step-increase of the coercive field close to T N . In this sense, the essential characteristic of the annealed sample is a hardening of the magnetic properties and an increased stability of the magnetization up to the CoO Néel temperature.
Conclusion
We have fabricated inverted core/shell nanoparticles and studied the effect of a thermal annealing on its crystalline and magnetic properties. We have shown that, in this particular system, the annealing is essential to improve the crystalline structure of the CoO phase and, as a consequence, to achieve an effective AFM/FiM interface coupling and to enhance the magnetic thermal stability. In fact, the blocking temperature of the FiM shell can be shifted from ~170 K to nearly room temperature by controlling the crystallinity of the AFM core. We have also demonstrated that the FiM CoFe 2 O 4 shell protects the CoO hard AFM phase against oxidation in the inverted core/shell structure. Finally, we remark that CoO/CoFe 2 O 4 bimagnetic nanoparticles show magnetic hardening and thermal stability enhancement as compared to bigger single phase nanoparticles, opening new possibilities to design novel materials for permanent magnets and magnetic data storage.
